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14.1. INTRODUCTION
In medicine, the interactions between microorganisms and material surfaces
are of fundamental importance. In nature, bacteria can be present as
planktonic cells, which are freely moving in a bulk solution [1]. The attractive
interactions between microorganisms and surfaces can lead to bacterial
adhesion, which is the first step in microbial colonization and biofilm
formation. The biofilm has been defined as a complex, three-dimensional
functional society of adherent microorganisms bound to, and growing at, an
interface and encased by an extracellular polymeric matrix [2,3]. The adhesion
process is the result of different physical and chemical processes. Various
parameters, such as the properties of a microbial cell (cell surface
hydrophobicity and charge, extracellular appendages, extracellular polymeric
substances, signalling molecules), fluid (polarity, flow velocity, pH, ionic
strength, temperature, presence of salts, antimicrobials, nutrient availability),
and surface chemistry (hydrophobicity, electric charge, surface roughness, etc.)
can influence the bacterial adhesion [4].

Biofilms are clusters of microorganisms that are almost always found with
healthcare-associated infections (involving medical devices, such as catheters,
implants, pacemakers, and prosthetics). Vascular catheter-related bloodstream
infections are the most serious infections [5]. Urinary catheters are made of
tubular latex or silicone devices, and if inserted into the human body they may
readily acquire biofilms on the inner or outer surfaces. With increasing time,
the urinary catheter can become a place where microorganisms develop
biofilms, resulting in urinary tract infections. Medical implants can be the
location of device-related infections, which are difficult to eradicate because
bacteria-causing infections live in well-developed biofilms [6]. The implants
that can be compromised by biofilm associated infections are the following:
heart valves, central venous catheters, ventricular assist devices, coronary
stents, neurosurgical ventricular shunts, implantable neurological stimulators,
fracture-fixation devices, arthro-prostheses, inflatable penile implants, breast
implants, cochlear implants, intraocular lenses, and dental implants [7].
Biofilms on the previously mentioned medical devices are composed of grampositive or gram-negative bacteria or yeasts. Bacteria usually isolated from
medical devices include the gram-positive Enterococcus faecalis,
Staphylococcus aureus, Staphylococcus epidermidis, and Streptococcus viridans
and the gram-negative Escherichia coli, Klebsiella pneumoniae, Proteus
mirabilis, and Pseudomonas aeruginosa. These organisms usually originate
from the skin of patients or workers in the health-care system [6]. Detachment
of cells, production of endotoxin, increased resistance to the host immune
system, and provision of a niche for the generation of resistant organisms can
all result in biofilm production that may initiate an infection [8].
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Biofilms also play an important role in antimicrobial-drug resistance. Bacteria
present in biofilms are more resistant to antimicrobial agents than planktonic
cells. The reason is the diminished rates of mass transport of antimicrobial
molecules to the biofilm associated cells. On the other hand, the biofilm cells
usually differ physiologically from planktonic cells [6].
Recently, many attempts have been made to develop coatings of implantable
devices to reduce the bacterial adhesion and biofilm formation. A special, but
very important, case of possible biomedical applications is the development of
antibacterial polyelectrolyte multilayers (PEMs).

14.2. POLYELECTROLYTE MULTILAYERS
It is well-known that by mixing two aqueous solutions of positively and
negatively charged polyelectrolytes that the aggregates form predominantly
due to the electrostatic attraction between the oppositely charged chains. Such
aggregates are generally known as polyelectrolyte complexes or
interpolyelectrolyte complexes, although in early work, the terms complex
flocculation and complex coacervation were also used. Stability of such
complexes can be, in addition to predominant Coulombic forces, influenced by
hydrogen bonds and hydrophobic interactions, etc. Structure and
characteristics of such aggregates are determined by different factors, such as
the nature of ionic groups, initial polyelectrolyte concentrations, pH, ionic
strength, temperature, and preparation procedure.

Among the first investigations in this field, the efforts of Bungenberg de Jong
[9] and Kruyt [10] should be mentioned. They were following the formation
and structure of polyelectrolyte complexes, at that time called complex
coacervates. They investigated the influence of pH and molar mass of
polycations and polyanions on the complex stability, as well as the condition of
polyelectrolyte complex formation. Overbeek and Voorn [11] have tried to
theoretically explain the experimental results obtained by Bungenberg de Jong
and Kruyt. Using the Debye-Hückel theory, they determined the electrostatic
energy and the entropy of mixing for two-component (polyelectrolytes and
solvent) and three-component (polyelectrolytes, solvent, and inert electrolyte)
systems. These early efforts in the field of polyelectrolyte complexes were
followed by the Michaels’ [12] studies of complexes formed by synthetic
polyelectrolytes with high charge density. Later on, Dautzenberg [13,14]
investigated the structure and the characteristics of strong polyelectrolytes
formed by sodium polystyrene sulfonate and poly(diallyldimethylammonium
chloride) and their acrylamide copolymers. Using different experimental
methods, he managed to determine the complex stoichiometry, the amount of
bound sulfonate groups, the ratio of polycationic and polyanionic sites in the
complex, as well as mass, size, and structural density of the complex. He
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Bacterial adhesion on polyelectrolyte multilayers

showed that the presence of a small amount of salt during complex formation
causes much lower values of the degree of aggregation. It is known that,
especially for systems containing at least one weakly charged component, the
type of supporting electrolyte and ionic strength influence the formation of
aggregates. It was additionally shown by Dautzenberg and Karibyants [15] that
complexes formed by strong polyanions (sodium polystyrene sulfonate) and
strong polycations (poly(diallyldimethylammonium chloride)), as well as the
complexes formed by weak polyanions (sodium polymethacrylate) and strong
polycations (poly(diallyldimethylammonium chloride)) show in the presence
of an inert electrolyte a lower degree of aggregation then in the absence of an
inert electrolyte. The increase in ionic strength in such a system leads to
secondary aggregation. Additionally, systems containing weak polyelectrolytes
show a lower degree of aggregation in comparison with the systems containing
strong polyelectrolytes. Numerous results in this field were obtained by
Kabanov and his coworkers [16–20]. They investigated the formation,
structure, and characteristics of different polyelectrolyte complexes obtained
by mixing both strong and weak polyanions with strong polycations. The
influence of ionic strength on the polyelectrolyte complex formation was
thoroughly investigated by Pergushov et al. [21]. They used the fluorescence
quenching method to explore the effect of different salts and the degree of
polymerization on the nonstoichiometric complex formation.

Since 1991, when Decher introduced the layer-by-layer method of constructing
PEMs on metal oxide surfaces [22], interest in the process of formation of such
layered structures has been continuously growing.

Figure 1. Scheme of PEMs having a negative (left) and a positive (right) terminating
layer formed on a silica surface

Various experimental methods [23,24] applied to obtain a better insight into
the process has helped increase the understanding of the multilayer formation
process. The ease of formation of multilayers motivated scientists to extend
the type of constituents incorporated into such nanocomposites by including
proteins [25], dendrimers [26], and even DNA [27,28].
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As stated above, the layer-by-layer deposition method to prepare multilayers
of polyelectrolytes of alternating charge can be followed by various
experimental methods. Very interesting results were obtained by stagnation
point optical reflectometry [29,30], ellipsometry [25], quartz crystal
microbalance [31], and optical waveguide lightmode spectroscopy [32]. Here,
we will concentrate on the cases where different effects have been followed in
situ by means of optical reflectometry experiments [29,30,33,34]. It turns out
that in solutions containing both polyelectrolyte and appropriate salts up to a
certain concentration, the regular build-up of multilayers is modified and
becomes an adsorption/redissolution process [28]. This was explained by
taking into account (i) that during the regular multilayer formation process the
macromolecules cannot equilibrate, (ii) that the added salt plasticizes the
multilayer to a state where the molecules are sufficiently mobile to enable
them to equilibrate between the layer and the surrounding solution, and (iii)
that the presence of excess polyelectrolyte brings the system to a one-phase
region of the polyelectrolyte complex phase diagram, implying that
polyelectrolyte complexes must dissolve under these conditions.

Additionally, the influence of different salts (phosphates, chlorides, and
nitrates) and polyelectrolyte molecular weight on the formation and erosion of
multilayers on silica surfaces was also investigated by means of the optical
reflectometry method [30]. In all of these experiments, the anionic
polyelectrolyte was poly(acrylic acid). On the other side, three different
cationic polyelectrolytes were used: poly(dimethylaminoethyl)methacrylate,
poly(allylamine hydrochloride), and poly(2-vinyl-N-methylpyridinium iodide).
It has been shown that at very low ionic strength (1 mM) regular build-up of
multilayers is observed independent of the salt used. However, at higher ionic
strength, dissolution also takes place, and the critical "glass transition ionic
strength" needed for the multilayer to be dissolved depends on the salt used,
as well as on the polycation/polyanion pair studied.
The application of optical reflectometry for the characterization of multilayers
obtained by exposing a suitable substrate to solutions of a cationic
homopolymer and an oppositely charged protein (which could also be of
interest for studying bacterial adhesion) was also performed [33]. In these
experiments, the negatively charged component bovine serum albumin (BSA)
was used. As the cationic homopolymer, a weak polyelectrolyte
poly(dimethylaminoethyl)methacrylate (PAMA) or a strong polyelectrolyte
poly(2-vinyl-N-methylpyridinium iodide) (PVP+) were used. As the solid
substrate, we used silica in the form of silicon wafers carrying an oxide layer,
and as the supporting electrolyte we used potassium chloride or phosphate
buffer. The influence of ionic strength, pH, type of cationic homopolymer
(strong or weak), and protein concentration were investigated, and it was
shown that stagnation point optical reflectometry can be a useful method for
characterization of the formation of multilayers containing polyelectrolyte and
protein layers. The method of stagnation point optical reflectometry was also
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applied for examining the adsorption of BSA on the previously formed
poly(allylamine hydrochloride)/poly(sodium 4-styrenesulphonate) (PAH/PSS)
multilayer, with PAH being a terminal layer [34]. The solid substrate was silica
in the form of silicon wafers carrying an oxide layer. In order to interpret the
adsorption of BSA, the build-up mechanism of the PAH/PSS multilayers was
examined, with special emphasis on the effect of electrolyte concentration, pH
of solution, and the anchoring (precursor) layer on that process. Additionally,
the effect of BSA concentration and the anchoring layer on BSA adsorption was
investigated. It was shown that in all investigated systems, the adsorption of
BSA depends on the conditions under which the multilayer was formed (ionic
strength, pH, and presence of an anchoring layer), as well as on BSA
concentration. It follows that the adsorption of BSA could be controlled not
only by choosing suitable BSA concentration, but also by modifying the
preformed multilayer.

Since layer-by-layer structures (e.g. PEMs and protein-PEMs) play a very
important role in surface modification processes, it was intriguing to check if
other experimental methods would confirm the results and conclusions
obtained by stagnation point optical reflectometry. Therefore, electrokinetic
measurements were also applied for the investigation of PAH/PSS multilayer
formation as a function of pH, with PAH being a terminal layer [35]. The
instrument uses electrophoretic light scattering and the Laser Doppler
Velocimetry method for determination of particle velocity, and from this the
electrokinetic zeta potential can be determined. The electrokinetic potential
was calculated from mobility values using the Smoluchowski equation.
Additionally, the effect of supporting electrolyte (KCl) concentration on
multilayer formation was tested. Silica particles were used as the solid
substrate. The adsorption of BSA on the previously formed multilayer was
examined as a function of pH and BSA concentration. The experiments were
performed at three different ionic strength values as a function of pH, and it
was confirmed that the electrokinetic measurements were suitable for
monitoring the formation of various multilayers. In all investigated systems,
the process of multilayer formation was found to depend on conditions (ionic
strength and pH) under which the multilayer was formed. Moreover, BSA
concentration also played a significant role in the adsorption on the previously
formed multilayer.
•

All the above mentioned results (both the results that concern
polyelectrolyte complexes as well as the ones that concern PEMs) were
shown to depend on so called ionic conditions. That means that the
formation processes are very sensible to the concentration of added
supporting electrolyte, but also to the electrolyte type. In order to
obtain a deeper insight into effects occurring when electrolyte solution
is added to solution of a strong polyelectrolyte, the microcalorimetric
and potentiometric titrations of poly(sodium 4-styrenesulfonate)
(Na+PSS−) solution with different alkali, earth-alkali, and
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tetraalkylammonium nitrate, perchlorate, and chloride solutions were
performed [36]. From the calorimetric titrations, the differences in sign
and magnitude of enthalpy change upon addition of various
electrolytes were observed depending on the salt used. Potentiometric
titrations using a sodium ion-selective electrode have revealed that
addition of electrolyte is accompanied by the increase in sodium
activity until a certain critical value is reached, which seems to be the
consequence of counterion substitution on the polyelectrolyte chain. In
the case of the addition of lithium and sodium salts, the experimental
results for the change in enthalpy of mixing (ΔH) can be qualitatively
correctly explained by the Poisson–Boltzmann and Monte Carlo
calculations based on the continuum solvent models. This is not the
case for the mixtures with KNO3, RbNO3, and CsNO3 salts. The results
suggest that the ion–specific effects, associated with the changes in
water structure, have to be taken into account when thermodynamic
properties of polyelectrolytes in solution are concerned. The
calorimetric results imply that the enthalpically observed cation
specificity for binding to the poly(styrenesulfonate) group could be
correlated with the corresponding cation hydration enthalpies. The
counterion substitution of sodium with divalent cations was found to
be endothermic, which is in qualitative agreement with the
electrostatic theory.

14.3. APPLICATION OF POLYELECTROLYTE MULTILAYERS
FOR STUDYING BACTERIAL ADHESION
The adsorption of biological or biomimetic structures onto certain synthetic
materials (in this case PEMs) could enable additional progress in the field of
biosensing surfaces, tissue engineering, and drug delivery. PEMs formed by
alternate adsorption of positively and negatively charged polyelectrolytes are
promising coatings onto which biological molecules (e.g. proteins) could be
adsorbed. In the literature [37–39], several examples of investigation of
adsorption of different proteins on previously formed multilayers using
different experimental methods can be found. Müller and coworkers [37]
examined the sorption of human serum albumin (HSA) on
poly(ethyleneimine)/poly(acrylic acid) multilayers using attenuated total
reflection Fourier transform infrared (ATR FTIR) spectroscopy, while
Gergelly et al. [38] analysed adsorption of the same protein on poly(Llysine)/poly(glutamic acid) multilayer by Optical Waveguide Light-Mode
Spectroscopy (OWLS) and atomic force microscopy (AFM). The secondary
structure of BSA adsorbed onto PAH/PSS multilayers was also investigated by
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Schaaf and coworkers [39], and it was observed that PAH as the terminal layer
has practically no effect on aggregation of BSA.

A special and very promising case is the possible application of PEMs as
antibacterial coatings [40–44]. Many investigated PEMs promote or disrupt
bacterial biofilm formation simply because of their high surface charge density.
If the protruding chains bear an opposite charge than the bacteria, then these
become attached to the PEM surfaces. In the case of their like charge, the
adhesion is hindered. Zan and Shu [40] proposed a scheme for the procedure
for fabricating PEMs containing silver ions or silver nanoparticles, which could
be used as effective antibacterial coatings. On the other hand, Wong and
coworkers showed that protein adsorption is drastically lowered on
microbicidal hydrophobic/hydrophilic PEMs [41].

In addition to charge, factors that could affect the intensity of bacterial
adhesion include material surface roughness, charge, degree of
hydrophobicity, Lewis acid-base character, and hydrogen-bonding capacity
[45-48]. Environmental factors, including pH, temperature, nutrient
composition, and population characteristics may enhance the adhesion and
biofilm maturation [48].

Taking into account that PEM-modified surfaces could exhibit significantly
improved bacterial anti-adhesive properties, it is important to relate the
conditions (polyelectrolyte concentration, salt concentration and type) at
which the PEMs are formed, the number of polyelectrolyte layers, and the type
of terminating layer with the corresponding adhesion of bacteria.
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14.4. BACTERIAL ADHESION MEASUREMENTS
14.4.1. Key adhesion parameters
As stated above, to study bacterial adhesion rate we need to first characterize
the material (in this case PEM) and the bacterial surfaces to determine the key
parameters in the adhesion process. For example, one of these parameters is
surface roughness, which could be measured with AFM or profilometry.
Surface hydrophobicity can be obtained from contact angle measurements,
while the surface charge can be determined from electrophoretic or streaming
potential measurements. On the other hand, many methods for adhered
bacteria counting have been published, including direct counting methods,
such as scanning electron microscopy (SEM), and indirect counting methods,
such as colony forming units (CFU), plate count, and staining methods [49,50].

Figure 2. Left: AFM picture of metal surface AISI 304 3C. The root mean square (RMS)
roughness is 160.5 nm. Right: SEM picture of adhered bacteria on electropolished
surfaces after 24 h.

14.4.1.1 Surface charge influence
As stated above, one of the key factors that influences the intensity of bacterial
adhesion is the charge of the surface. For that purpose, zeta-potential
measurements can be used. In our earlier study [51], we applied zeta-potential
measurements for studying the properties of the PEMs formed from
poly(allylamine hydrochloride), PAH, and sodium poly(4-styrenesulfonate),
PSS. These synthetic polyelectrolytes have been widely used in the process of
PEM formation, and we also used them extensively in our investigations of
polyelectrolyte complexes [52]. The example of the change in surface charge of
PEMs (i.e. the change in zeta-potentials) is presented in Figure 3 for the
formation of PAH/PSS multilayers.
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Figure 3. The dependence of the zeta-potential on the number of oppositely charged
polyelectrolyte layers in the PAH/PSS system in the presence of sodium perchlorate;
cm(PAH) = cm(PSS) = 0.001 mol dm−3, c(NaClO4) = 0.001 mol dm−3, t = 25 °C.

We showed [51] that polyelectrolyte concentration, as well as supporting
electrolyte (added salt) concentration, significantly influence the multilayer
build-up. Therefore, in the process of PEM formation, special attention should
be given to controlling these experimental parameters. Of course, other
experimental conditions which are known to influence PEM build-up, such as
pH, polyelectrolyte type, added supporting electrolyte type, molecular weight,
and temperature should be also taken into account.

The importance of charge for bacterial adhesion was also shown by Lienkamp
and coworkers [53]. They prepared multilayers formed from poly(acrylic acid)
(PAA) and either the hydrophobic butyl synthetic mimics of antimicrobial
peptides (SMAMP) or the hydrophilic diamine SMAMP with a
poly(ethylenimine) anchoring layer, and found that the positive charge of
PEMs with SMAMP as the terminating layer is low, since a significant part is
consumed to maintain layer stability. This leads to reduced antimicrobial
activity. The suppression of biofilm formation can also be achieved by
introducing strongly hydrophilic groups at the surface of PEMs. However, the
prevention of bacterial adhesion cannot result in their complete elimination.
This can be achieved once stable bacteria attachment is achieved.
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14.4.1.2 Influence of other surface parameters
As stated above, other key parameters, such as surface hydrophobicity and
surface roughness, should be examined. In the case of PEMs formed on
oxidized silicon wafers prior to adhesion of bacteria, the obtained
hydrophobicity (i.e. contact angle) was similar on PEMs terminating with a
polycation and with a polyanion layer. In the first case, the contact angle was
48.9° ± 2.5° and in the latter one the contact angle was 46.9° ± 5.0°.

The results of roughness measurements obtained by means of atomic force
microscopy did not differ much in the case of the two types of multilayers. In
the case of the positive surface (polycation terminating multilayer),
roughness was determined to be 0.017 µm ± 0.004 µm, and in the case of the
negative surface (polyanion terminating multilayer), roughness was
0.019 µm ± 0.006 µm.
Table 1. PEMs with terminating layers bearing positive or negative charge
investigated in terms of the contact angle value and roughness. Adapted from [51].

Contact angle
Roughness

Positively charged
polyelectrolyte PAH
as terminating layer
(5 layers)
48.9° ± 2.5°

0.017 µm ± 0.004 µm

Negatively charged
polyelectrolyte PSS as
terminating layer
(6 layers)
46.9° ± 5.0°

0.019 µm ± 0.006 µm

14.4.2 Adhesion of Pseudomonas aeruginosa
For examining the adhesion of bacteria, P. aeruginosa is very often used. P.
aeruginosa is a common pathogenic bacterium with a possible multidrug
resistance by mutation and could be responsible for various possible
postoperative infections. Recently, Dekany and coworkers showed [54] that
clinically relevant pathogen strains (for example, P. aeruginosa) could be
inactivated by the photocatalytically active titanium dioxide functionalized
with silver nanoparticles and immobilized in polyacrylate-based nanohybrid
thin film [55]. In our study [51], we showed that the fraction of the multilayer
surface covered with P. aeruginosa was 20.4 % ± 4.8 %, with PAH as the
terminating layer, and 9.0 % ± 3.1 %, with PSS as terminating layer. These
results allowed the assumption that differences in bacterial adhesion
capability between the systems with oppositely charged terminating layers
should be the result of electrostatic interactions. That is in accordance with
predictions since the bacteria cell walls possess negative charges. Bohinc et al.
[46] measured the zeta potential of P. aeruginosa for two phosphate buffer
solutions at two ionic strengths, 1 mmol l−1 and 100 mmol l−1, and the negative
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zeta potentials were obtained as follows: −16.92 mV ± 2.42 mV for 1 mmol l−1
and −7.85 mV ± 12.8 mV for 100 mmol l−1.

Figure 4. Schematic presentation of the adhesion of bacteria on PEMs with negative
(left) and positive (right) terminating layers [51]

14.5. PERSPECTIVES
In recent years, significant progress in the design of surface coatings has been
made [43]. Generally, there are two possibilities for preventing bacterial
adhesion to surfaces and subsequent bacterial infections, which are physical
and pharmacological. PEMs can be used for both attempts. They can be applied
as antifouling coatings in which antibacterial substances, such as antibiotics,
can be incorporated. Antibacterial substances are then slowly released.

In the existing antimicrobial implant coatings, drug dosage and release rate
cannot be easily tuned. Local sustained delivery is still difficult to achieve. For
these problems, specific PEMs [51] can improve the efficiency and tunability of
the drug dosage [56].
In many cases, the initial contamination of medical devices is mostly caused by
a small number of microorganisms. They are often transferred to the device via
the patient’s or healthcare workers’ skin, contaminated water, or other
external environmental sources. Infections in medicine cause a huge financial
burden on healthcare services. On the other hand, infections are responsible
for the patient’s morbidity and mortality. To solve the mentioned problems,
PEMs on implantable devices are especially attractive.

14.5. CONCLUSIONS
In this chapter, we considered the bacterial adhesion on material surfaces
coated with PEMs. Generally, bacterial adhesion can be controlled by different
material and bacterial surface properties, such as surface roughness, surface
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charge, hydrophobicity, and specific surface structure. It is important to state
here that the combination of surface characterization with microbial testing
leads to the better understanding of the bacteria-surface interactions.
Regarding surfaces coated with PEMs, it seems that the main factor for
bacterial adhesion is the surface charge. In terms of PEM formation, adjusting
salt type and concentration, as well as the appropriate terminating
polyelectrolyte layer, can lead to the formation of multilayer systems with
optimized antibacterial properties.
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